Abstract. Grain refinement and high temperature deformation in two kinds of magnesium alloys subjected to friction stir processing (FSP) have been investigated. One was a rolled sheet of LA141Mg and another was a cast plate of AZ91Mg. FSP was developed by adapting the concepts of friction stir welding to obtain a fine grain size in a stirred zone. Grain refinement was achieved by FSP to give fine grain sizes of 11.4µm and 8.4µm for LA141 and AZ91 alloys, respectively. For LA141 alloy, the maximum stress of the FSPed sample was higher than that of the as-received one in the range of 300K to 523K while the elongation to failure of the former was considerably smaller than that of the latter. On the other hand, the elongation for the FSPed sample of AZ91Mg showed three times larger elongation with a lower maximum stress than the as-received cast one at 523K and 2.8×10 -3 s -1 . Further difference in high temperature deformation for both magnesium alloys was discussed based on microstructural change and stress-strain curves.
Introduction
Friction stir welding (FSW), a solid state joining process invented at The Welding Institute (TWI) in 1991, is an excellent technique for joining metals without fusion or filler materials [1] [2] [3] . Friction stir processing (FSP) was developed by adapting the concept of FSW to obtain a fine grain size in a stirred zone (which is called 'stir zone') [4] . FSP has enabled to refine a grain structure of aluminum alloys to create or enhance superplasticity [4] [5] [6] .
Magnesium alloy is one of the most promising materials to reduce the weight of product in transportation industry. Importance of formability of the magnesium alloy is often attached for industrial application. In the present study, LA141 and AZ91 magnesium alloys are subjected to FSP and following evaluations of grain refinement and high temperature deformation related to their formability are investigated.
Experimental Procedure
Commercial LA141 (Mg-Li-Al) alloy rolled sheet of 1.5mm thick and AZ91 (Mg-Al-Zn) alloy cast plate of 5mm thick had been received for friction stir processing. Chemical composition of the alloys is listed in Table 1 . Single pass FSP was performed in the rolling direction of the two stacked sheets of LA141Mg and the plate of AZ91 after machining both sides to thickness of 4mm, using the stirring tool with probe of 5mm diameter and 2.7mm height and shoulder diameter of 15mm. Tool rotation and processing speeds of FSP were set as 1200rpm and 100mm/min (LA141) or 150mm/min (AZ91) to achieve optimum processing condition without defects. After optical microscopy (OM) and/or scanning electron microscopy/ electron back scatter diffraction pattern (SEM/EBSP) analysis, the FSPed sheets and plates were cut in the direction parallel to the FSP direction and thinned to sheets of 1.5mm thickness by removing both surface layers. Tensile specimens are machined from the thinned sheets to have the reduced section of 6 × 4 × 1.5mm 3 corresponding to the stir zone with fine grains. Tensile tests were carried out in air at a temperature range of 423K-673K using an Instron type testing machine at initial strain rates of 2.8×10 -4 s -1 to 2.8×10 -1 s -1 . The specimens were tested after heating with an infrared furnace at a rate of 0.57K·s -1 . Holding time before tensile testing was set as 1.8ks to stabilize the test temperature. The elongation to failure was calculated based on the increment in the gauge length of 5 mm. Microstructures before and after the tensile test and fractured surface of both alloys were observed and analyzed using OM, SEM and SEM/EBSP technique.
Results and Discussion
Microstructural characteristics. Figure 1 presents the optical micrographs showing microstructures of LA141Mg before and after friction stir processing (FSP). It is well known that grains are refined remarkably in the stir zone (SZ) or weld nugget [3] , which is sited in the center and surrounded by the thermo-mechanically affected zone (TMAZ) and heat affected zone (HAZ). Thus, the micrograph after FSP was taken in SZ. While grain size before FSP was measured as 66.6µm by the linear intercept method, one of the FSPed sample was 11.4µm. The grain structure after FSP involved regions of larger and smaller grains showing a bimodal size distribution. It is likely attributed to strain distribution due to FSP. Vickers hardness in SZ after FSP was about 6HV higher than that before FSP. It is found that strength at room temperature was raised by FSP in this alloy. Figure 2 shows the optical micrographs of AZ91 Mg before and after FSP in the same way. As received sample (before FSP) exhibited a typical cast microstructure consisting of α (Mg; white) and β (Mg 17 Al 12 ; black) phases. The microstructure is characterized by relatively coarse phases owing to a relatively slow cooling rate during general casting. After FSP, grain refinement was established to a small grain size less than about 10µm (EBSP analysis indicated the grain size was evaluated as 8.4µm, as mentioned below). 
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High temperature deformation. Nominal stress vs. strain curves at 523K for the as-received LA141Mg are displayed in Fig. 3 . The curves showed a maximum stress at an early stage and gradual decrease with strain at each strain rate. The maximum stresses for the curves exhibited common strain rate dependence of flow stress for high temperature deformation though strain rate sensitivity index, m was comparatively small value of 0.23. The peak elongation to failure was attained as 295% at an optimum strain rate of 2.8×10 -2 s -1 . On the other hand, the curves of the FSPed sample had similar shape to those of the as-received one, however the elongation was lower than a half except for the highest strain rate.
Maximum stress and elongation to failure are plotted as a function of strain rate for both of as-received and FSPed LA141Mg samples in Figs. 4 and 5, respectively. The maximum stress of the FSPed sample is slightly higher than that of the as-received at all strain rates and both temperatures. The m-value, which is represented as a slope of lines in the figure, is almost the same for both samples. This fact means that the m-value is independent of grain size, and moreover, suggests that deformation in LA141Mg is governed mainly by intragranular mechanism. As shown in Fig. 5 , FSPed sample did not gain larger elongation compared with as-received one at all. Although one of the reasons is regarded as defects formed by FSP, a noticeable difference in the elongation, especially at 523K implies that it is related to intrinsic discrepancy in deformation mechanism.
For AZ91Mg, nominal stress vs. strain curves for both samples at 523K are displayed in Figs. 6 and 7, respectively. The curves of the as-received sample show gradual slight increase after elastic deformation and comparatively small elongation to failure. A maximum stress somewhat increases with the increment of strain rate. Strain where the stress reached the maximum value was sifted to the higher value as the strain rate increased. At 523K, elongation to failure was relatively small and hardly depended on strain rate. In contrast, FSPed AZ91Mg exhibited a marked dependence of elongation on strain rate, and difference between highest and lowest strain rates was more than 5 times. Moreover, Fig. 4 Relation between maximum nominal stress and initial strain rate in LA141Mg. 
Materials Science Forum Vols. 551-552
the flow stress strongly depends on strain rate also. Change in the maximum stress in the range of the figure is about 3.3 times in contrast to 1.7 of the as-received one.
In order to discuss deformation mechanism, maximum stress and elongation to failure are plotted against strain rate for both samples of AZ91Mg in Figs. 8 and 9 , respectively. Systematic difference in the maximum stress was observed between as-received and FSPed samples. The stress of as-received was higher than FSPed in whole strain rate range at 523K and 673K. The difference, which was attributed to that in grain size, rose with decrease of strain rate. A marked difference at 673K and 2.8×10-4s-1 was probably related with microstructural change during deformation. At 523K, the elongation of the FSPed AZ91Mg with fine grain size was larger than that of the as-received, as expected for superplasticity. A notable elongation of 204% at 2.8×10-4s-1 for the FSPed was 8.3 times larger. However, at 673K, the elongation of the FSPed was lower than that of the as-received, and held within 50% except for the maximum value of 360% at the lowest strain rate of 2.8×10-4s-1. 
AZ91Mg
Temperature 523K 673K
As received FSPed Fig. 8 Relation between maximum nominal stress and initial strain rate in AZ91Mg. Fig. 9 Relation between elongation to failure and initial strain rate in AZ91Mg.
Superplasticity in Advanced Materials -ICSAM 2006
Microstructural Evolution during deformation Figure 10 represents optical micrographs showing microstructures after the tensile test in as-received and FSPed LA141Mg. The elongation to failure is shown together with each micrograph. Microstructures after deformation at 423K were elongated in tensile direction for both samples. The FSPed sample included somewhat larger grains locally, which suggested that static or dynamic grain growth occurred before or during the test. On the other hand, the microstructure of as-received one was composed of elongated coarse grains with precipitates. There were no elongated grains observed in the samples deformed to failure at 523K. In particular, almost equiaxed grains were observed even in the sample getting an elongation of 265%. It is, therefore, understood that dynamic recovery (DR) [7] took place in the sample. In the FSPed sample, the microstructure evolved likely through dynamic restoration process.
Inverse Pole Figure maps before and after tensile testing in as-received and FSPed AZ91Mg are displayed in Fig. 11 . The as-received microstructure before the test had α coarse grains including β in them. After the deformation at 523K the coarse grains remained though strain (or gradation of color in the map) was found inside the grains. The deformation up to 159% at 673K led to dynamic recrystallization accompanied with grain refinement. Grain size was established as less than about 30µm. For the FSPed microstructure, means grain size of 8.4µm became about a half (4.4µm) during deformation at 523K. This grain size was minimum value in this study, which perhaps resulted from not only dynamic recrystallization (DRX) [7] but also dynamic precipitation, because the IPF map ( Fig. 11(e) ) included a lot of non-analyzable points in the vicinity of grain boundaries. These dynamic microstructural evolutions must be related to the smallest maximum stress of 1.98MPa. Microstructure exhibited grain size of 6.4µm after deformation at 673K up to the maximum elongation of 360% in the present study. The microstructure also included non-analyzable regions which were assumed to be β phases. Precipitated β phases possibly suppressed α grain growth, which led to great ductility during the tensile test.
Conclusions
Grain refinement and high temperature deformation in two kinds of magnesium alloy sheets subjected to FSP have been investigated. Grain refinement was achieved by FSP without defects to give fine grain sizes of 11.4µm and 8.4µm for LA141 and AZ91 alloys, respectively. For LA141 alloy, the maximum stress of the FSPed sample was higher than that of the as-received one in the range of 300K to 523K while the elongation to failure of the former was considerably smaller than that of the latter. Flow stress and Microstructural change during deformation suggested the main mechanism of intragranular deformation or DR. On the other hand, the elongation for the FSPed sample of AZ91Mg showed 8.3 times larger elongation with a lower maximum stress than the as-received cast one at 523K and 2.8×10 -3 s -1 . In addition, the maximum elongation of 360% was obtained at 673K and 2.8×10 -4 s -1 . This great ductility was accompanied with grain refinement during deformation, which was attributed to dynamic microstructural evolution including DRX. in as-received (left) and FSPed (right) LA141Mg.
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